A recently discovered high-Tc cuprate superconductor Ba2CuO4-δ exhibits exceptional Jahn-Teller distortion, wherein the CuO6 octahedrons are compressed along the c axis. As a consequence, the O vacancies prefer to reside in the CuO2 plane, but the exact structure is not known. By combining first-principles total energy calculation with the automated structure inversion method, the effective cluster interactions of O vacancies are mapped out. Around δ=0.8, where the 73K superconductivity was observed experimentally, we predict that the ordered O vacancies slice the CuO2 plane into not only 1D chains and but also two-leg ladders. A Monte Carlo simulation is performed based on the effective cluster interaction model, showing that such an ordering pattern is stable up to ~900 K. Our results put forth a concrete structural basis to discuss the underlying superconducting mechanism.
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Physically, such a long-range ordering arises from specific interactions between the O vacancies. It is insightful to coarsely grain the microscopic details into a generalized Ising model 
in which at each in-plane O site, the 2 variable is set to be +1 when the site is occupied by O and −1 if it is a vacancy. denotes a specified cluster of O sites, which in general not only covers pair interactions but also multi-body interactions as dictated by the effective cluster interaction strength . In the context of alloy physics, eq. (1) is widely known as the cluster expansion (CE) method, which is able to reproduce any ({ }) function when all clusters α are considered in the sum.
Here, we apply the CE method to study the in-plane O vacancy structures in BaCu2O4, or reversely the excess O structures in BaCu2O3. The results will put forth a concrete structural basis to discuss the underlying superconducting mechanism. We note that a recent DFT work computed 24 O vacancy structures of Ba2CuO4-δ by first-principles calculation within the density functional theory (DFT) framework, and proposed that the lowest-energy structure featured 1D CuO chains as in Ba2CuO3. [13] By combining DFT with the CE method, we are able to enlarge the search space to more than 1800 structures. A unique two-leg ladder structure is identified that was not recognized before.
Technically, the main concern is that in constrast to substitution of chemically similar elements in alloys, a vacancy in our case is expected to induce much stronger perturbations to the local environment. It is not known a priori whether the CE converges rapidly, and likely non-compact clusters with long-range interactions have to be included, making it formidable to construct the model by hand. Fortunately, a self-learning algorithm [14] has been established to automatically 4 decide the optimal model. Basically, the computer starts with the simplest clusters, and progressively includes more complicated ones using the existing clusters as the building blocks.
For a given expansion, standard fitting of { } is performed with respect to a training data set containing the total energy of a selection of ordered structures. With an increasing expansion order, the computer aims for the best compromise between underfitting and overfitting, which is achieved by minimization a target function called "Cross-Validation Score" [15] .
The training data set is automatically generated by DFT calculations without human intervention, thanks to the structure enumeration algorithm [16] and the structure selection method [14] . There is no doubt that the electronic structure of cuprates is beyond the scope of DFT.
Nevertheless, we find that DFT works quite well for the structural properties, which only rely on the total energy. A comparison between the experimental and the calculated parameters at the two limits = 0,1 are shown in Tab. I. However, much energy is gained from the repulsive 3 and 4 , as indicated in Fig. 2(f) . A primitive form of two-leg ladders can be readily observed after the rotation.
A systematic determination of the lowest-energy structure in the entire vacancy concentration range is numerically achieved. At a given between 0 and 2, the possible vacancy structures are enumerated and the energy is predicted by the CE model. The lowest-energy structure is further re-examined by DFT if it is not in the training data set. In Fig. 3(a) , the green stars mark the CE The most important information revealed by the numerical search is that around the experimentally determined O vacancy concentration of the superconducting phase (~0.8), the lowest-energy structures typically consist of two 1D building blocks: the (-Cu-O-) chain and the three-Cu-wide two-leg ladder [ Fig. 3(b) ]. Recall that this ladder structure has already appeared in Fig. 2(f) . We perform Monte Carlo simulation [17] to test the stability of predicted lowest-energy structure. We pick = 0.83 as an example, and use the ensemble averaged cluster correlation functions = 〈∏ ∈ 〉 as the phase indicator. It is straightforward to verify that the ordered structure as shown in Fig. 3(b) gives − 1 = 2 = 3 = 2/3, and C p4 = 1/3. As shown in Fig.   3 (c), these correlation functions are not affected until the temperature is higher than 900K.
Lastly, we briefly point out possible superconductivity inferred from the present ladder structure around = 0.8, where the actual material shows a high-Tc at 73K. As indicated in Fig.   3(b) , besides the 1D chains [13] in each CuO layer, the prominent feature is another unique ladder structure composed of two Cu-O chains with yet another Cu-only chain sandwiched in between.
Due to the missing O atoms along the middle Cu chain, the electron hopping along such a Cu chain or to its two neighboring CuO chains may be greatly suppressed (due to the absence of the ZhangRice singlet [18] ). In summary, we predict a unique ladder structure in the new high-Tc cuprate superconductor Ba2CuO4-δ, by searching over 1800 vacancy structures using the cluster expansion method. In contrast to CuO chains, this ladder structure is not known to exist in other quasi-1D cuprates, which may closely relate to the observed 73K superconductivity. Analysis within the DFT framework
indicates that carriers will mainly hop along the two legs of the ladder, while the middle Cu can still couple to two neighboring Cu chains through the superexchange coupling via the shared O atoms.
It is interesting to note that a much enhanced string-like pairing between the doped holes can be explicitly shown [19] (cf. Appendix B3 in Ref. [19] ) in a t-J chain that is coupled to a neighboring t-J chain by superexchange J only without hopping (i.e., ⊥ = 0), which thus implies a strong pairing in the present ladder structure. [20] A detailed analytic and density-matrixrenormalization-group (DMRG) study [21] , based on the ladder structure shown in Fig. 3(b) , will be presented elsewhere. Exp. [7] 4.00 4.00 12. 
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